While phenotypic plasticity has been the focus of much research and debate in the recent ecological and evolutionary literature, the developmental nature of the phenomenon has been mostly overlooked. A developmental perspective must ultimately be an integral part of our understanding of how organisms cope with heterogeneous environments. In this paper I use the rapid cycling Arabidopsis thaliana to address the following questions concerning developmental plasticity. (1) Are there genetic and/or environmental differences in parameters describing ontogenetic trajectories? (2) Is ontogenetic variation produced by differences in genotypes and/or environments for two crucial traits of the reproductive phase of the life cycle, stem elongation and flower production? (3) Is there ontogenetic variability for the correlation between the two characters? I found genetic variation, plasticity, and variation for plasticity affecting at least some of the growth parameters, indicating potential for evolution via heterochronic shifts in ontogenetic trajectories. Within-population differences among families are determined before the onset of the reproductive phase, while among-population variation is the result of divergence during the reproductive phase of the ontogeny. Finally, the ontogenetic profiles of character correlations are very distinct between the ecologically meaningful categories of early-and late-flowering ''ecotypes'' in this species, and show susceptibility to environmental change.
Phenotypic plasticity is the ability of a genotype to produce different phenotypes in response to distinct environmental conditions, and it is therefore a fundamental property of the reaction norm of that genotype (Schmalhausen, 1949) . The evolutionary importance of plasticity has been increasingly appreciated during the last decade, and there has been a great deal of discussion about its evolution (Schlichting, 1986; Sultan, 1987) and genetic basis (Scheiner, 1993; Pigliucci, 1993, 1995a; Via, 1993; Coleman, McConnaughay, and Ackerly, 1994 ). Yet, very little attention has been focused on the fact that phenotypic plasticity is an inherently developmental phenomenon (but see Diggle, 1993; Meyer, 1987; Pigliucci and Schlichting, 1995a) , as opposed to more rapid adjustments to environmental changes based on physiological mechanisms (e.g., photosynthetic rate) or behavioral responses in animals (e.g., predator avoidance). As a consequence of this dearth of data on developmental plasticity, we know very little about how differences in reaction norms among adult (or reproductively mature) individuals unfold during ontogeny, and therefore about what sorts of developmental constraints may limit the ability of phenotypic plasticity to evolve.
An ontogenetic approach to the study of plasticity is important for at least two reasons. First, selection might act at different times during ontogeny, because different 1 Manuscript received 13 August 1996; revision accepted 16 December 1996.
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stages of the life cycle could be affecting individual fitness and population dynamics. If that is the case, then an estimate of the genetic variation for plasticity at the critical stage(s) would be more informative than an analogous assessment carried out at the end of the ontogeny only. Second, an ontogenetic study could reveal tradeoffs between early and late ability to react to environmental changes (a form of ''cost'' to plasticity; van Tienderen, 1990 Tienderen, , 1991 Gedroc, McConnaughay, and Coleman, 1996) , or point to changes in correlations between traits or trait plasticities that might constrain response to selection (e.g., Roach, 1986; Schlichting, 1989) . For example, a higher reproductive output tends to be positively correlated with plant size. But one can easily imagine situations in which selection would maximize reproductive output while keeping the height of the main stem low (e.g., in alpine environments): in this case changes in plant architecture (branching patterns) would be advantageous, but possible only if character correlations are not limiting the ability of the system to respond to selection at the critical developmental stage(s).
In this study, I present an analysis of ontogenetic variation during the reproductive phase of development for character means and their plasticities in response to nutrient availability in three populations and a laboratory inbred line of the weedy annual Arabidopsis thaliana. This species is now an established model system for research on developmental, physiological, and molecular biology (Meyerowitz, 1989) , and it is increasingly the focus of population and evolutionary biology studies (Aarssen and Clauss, 1992; Clauss and Aarssen, 1994; Schlichting, 1995b, 1996; Pigliucci et al., 1995a,b; Van Tienderen, Hammad, and Zwaal, 1996) . I chose to study three natural populations representing early-and late-flowering ''ecotypes'' of A. thaliana, as well [Vol. 84 AMERICAN JOURNAL OF BOTANY as an early flowering inbred line. Flowering phenology is both a key life history trait in this species (Jones, 1971) , and one that responds plastically to a wide array of environmental changes (Pigliucci, Whitton, and Schlichting, 1995b) . Differences in flowering time correspond to well-characterized phenotypic syndromes, and are associated with specific habitats (Jones, 1971) . Also, late flowering was probably the ancestral state for Arabidopsis (K. Cammell, M. Pigliucci, and J. Schmitt, unpublished data), and there is substantial information on its genetic control (Koornneef, Hanhart, and van der Veen, 1991; Bagnall, 1992; Mitchell-Olds, 1996) . Nutrient availability was chosen as a critical abiotic factor because it is a major regulator of the population dynamics of A. thaliana (Thompson, 1994) . Depending on the timing of germination and on their proximity to the mother plant, seedlings can find themselves in a relatively nutrient-rich environment provided by the litter of the mother plant, or in a very dry and nutrient-poor environment, which induces major alterations of the phenotype in terms not only of plant size, but of architecture as well.
This paper specifically centers on the following questions. (1) Are there genetic, environmental, and interaction effects on the parameters describing the reproductive portion of the ontogenetic trajectory, and how do these differences affect the final (at senescence) phenotype of the plant? (2) Is there genetically and/or environmentally induced ontogenetic variability for flower production and stem elongation? (3) Is there ontogenetic variability for the correlation between flower production and stem elongation?
MATERIALS AND METHODS
Plant material and experimental setup-Arabidopsis thaliana (L.) Heynh. is a weedy annual that produces a basal rosette of leaves. Flowers develop on a main reproductive shoot, and sometimes on lateral (off the main stem) and basal (originating from the rosette) ancillary shoots. It is highly selfing under natural conditions (Abbott and Gomes, 1989) , and characterized by high fecundity and seed set. Natural populations are often referred to as ''ecotypes.'' Although our knowledge of the ecological genetics of this species is still surprisingly poor, ecotypes are usually classified as early and late flowering. These two types are thought to be the result of colonization of different habitats (highly disturbed vs. stable), and to be under very distinct selective pressures, with early flowering selected in disturbed environments, late flowering selected in undisturbed ones, and plasticity for flowering time favored under mixed situations (Jones, 1971) . I used a laboratory inbred line and three natural ecotypes of A. thaliana: Landsberg (henceforth ''Inbred''-a laboratory stabilized line that was selected from and behaves as an early-flowering population); Kendalville (''Early''-an early flowering population); Greenville (''Late-1''-a late-flowering population); and Turk Lake (''Late-2''-a late-flowering population). Seeds were originally obtained from the Crucifer Genetics Cooperative at the University of Wisconsin-Madison. Plants were grown under greenhouse conditions for one generation to mitigate maternal effects.
Fifteen lines (full sib F 2 selfing families) were established within each natural population, and an equivalent number of replicates were obtained for the inbred line. The plants were exposed to four levels of nutrient availability, represented by zero, one, two, or three pellets of 14-14-14 N-P-K Osmocote (Slater Supply, NY), applied at the beginning of the experiment (see Pigliucci, Whitton, and Schlichting, 1995b for more details on the treatments; the lowest level corresponded to the low end of the natural range-H. Callahan and M. Pigliucci, unpublished data), while the highest level was beyond optimality for this species). The initial total size of the experiment comprised four populations, 15 families, four treatments, and four replicates for each family-treatment combination, for a total of 960 plants. Individuals were arranged in trays within four blocks (each block including all combinations of families and treatments). I measured two sets of traits.
(1) One included onset, offset, and rate of elongation of the main stem. These parameters summarized the ontogenetic trajectory during the reproductive phase. Onset was defined as the day when the main inflorescence begins elongating, while offset was defined as the day of senescence of the whole plant. The rate of growth was estimated by regressing the phenotype (i.e., height of the main inflorescence) against time. (2) I also scored total number of flowers (on all branches) and height of the main stem every week for 10 wk. Data will be presented only for the first 6 wk, for which enough plants to provide sufficient statistical power were still growing.
Data analyses-After checking for normality, the variation in onset, offset, and rate of growth during reproduction was subjected to an analysis of variance (SAS, 1990) . After examining and discarding block effects, the final model included the following effects: Treatment (presence of average phenotypic plasticity, regardless of specific populations or families), Population (genetic variation at the population level); Family, nested within population (genetic variation at the family level); Treatment by Population interaction (genetic variation for plasticity among populations); and Treatment by Family interaction (genetic variation for plasticity among families, within populations). All main effects were considered fixed, except for Family and its interactions, which were considered random. Tests of significance were performed using the appropriate denominator sums of squares (specified by option TEST in SAS, 1990) . I also plotted the reaction norms of onset, offset, and rate of growth for population means and for each family within populations, against the four levels of nutrient availability.
The weekly measurements of flower production and stem elongation were analyzed using a repeated-measurement analysis of variance (SAS, 1990) . Since one of the objectives of the analysis was to derive the curves describing the ontogeny of several sources of variance for these traits, analyses were conducted on standardized data (dividing by the appropriate weekly mean) to eliminate any correlation between means and variances (Atchley, 1984) . The ANOVA model included the following sources of variation: between-subjects effects-Treatment (overall phenotypic plasticity); Population (genetic variation among populations); Family, nested within Population (genetic variation among families within population); Treatment by Population interaction (genetic variation for plasticity at the population level); and Treatment by Family interaction (genetic variation for plasticity at the family within population level); within-subjects effects-Time (overall effect of ontogeny); Time by Treatment (average plasticity of ontogenetic trajectories); Time by Population (genetic variation for ontogenies among populations); Time by Family (genetic variation for ontogenies among families within population); Time by Treatment by Population (genetic variation for ontogenetic plasticity among populations); and Time by Treatment by Family (genetic variation for ontogenetic plasticity among families within population).
It is to be noted that the regular ANOVA and the repeated-measurement ANOVA are both necessary to understand ontogenetic variation. The first one tests for genetic and environmental effects on the parameters describing the ontogenies (i.e., onset, offset, and rate of growth); the second one tests for genetic and environmental effects on the shape of the ontogenetic trajectories (i.e., the weekly changes in the measured traits). It is an empirical question to determine whether the shape or the parameters of an ontogenetic trajectory are more evolutionarily labile.
RESULTS
Onset, offset, and rate of growth during the reproductive phase-The populations differed significantly, on average, for all three ontogenetic parameters, while there was no average difference due to the environment (Table  1 ; Fig. 1 ). As it was expected, Late-1 and Late-2 started and finished much later than either Early or Inbred, but they also grew at a much slower pace. Although Inbred was the earliest flowering genotype, genotypes in Early were the fastest growing ones. Onset and offset showed a significant Treatment by Population effect, implying genetic variation for plasticity among populations. This is due to the difference in the population reaction norms of Late-1 and Late-2: while identical under low and medium-low nutrients, they diverged in the other two treatments, with Late-1 onsetting and offsetting its stem elongation earlier than Late-2. Families within populations differed on average for all three parameters ( Fig. 2 ; data for Inbred are not presented because there is no internal genetic variation and all reaction norms form a tight bundle). The within-population variability is due to three or four genotypes, mostly within Early. A significant Treatment by Family interaction (highlighting genetic variation for plasticity within populations) for onset and rate of growth is due to a few genotypes characterized by divergent patterns of plasticity, mostly within Late-1. Very little genetic variation for means or plasticities is evident within Late-2.
The scattergram of flower production vs. plant size at the end of ontogeny (Fig. 3) tion, with higher nutrient levels associated with higher floral output. Independently of the nutrient level, Inbred was significantly shorter than Early, even though the flower output of the two ecotypes was roughly equal. Also, Inbred under low nutrients was very distinct from Inbred in the other three treatments, and the same is true for Early under high nutrients vs. Early in the remaining conditions. For the late-flowering ecotypes, treatment affected mostly height, with a slight tendency of plants grown under medium-high and high nutrients to be taller. However, the scatter was much reduced compared to the one of early-flowering populations, with a correspondingly higher degree of overlap between populations and among treatments. Notice that the late-flowering populations produced smaller main inflorescences, but did branch more than the early flowering ones (data not shown), which suggests a shift in plant architecture.
Genetic and environmental effects on the ontogeny of flower production and stem elongation-There was significant variation among populations and among families for flower production across the ontogeny (Table 2 ; between-subjects effects). The Treatment by Family variance was also significant across ontogeny. When we considered the within-subjects effects for this trait, the only variance that changed significantly during ontogeny was the one associated with the Population effect (Table 2; within-subjects effects; Fig. 4a ), which increased steadily from one week to the next. All other Within-subjects variances remained approximately steady, and they all have much lower magnitude than the Population effect (data not shown).
For the height of the main stem, there was significant environmentally induced variation throughout ontogeny, as well as genetic differences among populations and among families. Significant genetic variation for plasticity among families was present across time intervals (Table 3, Between-subjects effects). Again, the only variance that significantly changed during ontogeny is the one associated with the Population effect (Table 3 , Within-subjects effects), which increased steadily (Fig. 4b) , while all others remain roughly at the same level (data not shown). Notice that the Population variance was again not only much larger than all other sources of variation, but that by the end of the ontogeny it was about double the magnitude of the corresponding variance for flower production, even though all other variances have similar magnitudes for the two traits.
Ontogeny of phenotypic correlations-The ontogenetic profiles of the correlation between flower production and plant size are drawn by population and by treatment (Fig. 5) . All phenotypic correlations were either positive or around zero. A major difference between the early-and late-flowering ecotypes was that almost no correlation was significant (at any time, or in any treatment) for the early-flowering ones, while several reached the significance threshold in the late-flowering populations.
When we take a closer look at the profiles of the lateflowering populations, we see that in Late-1 correlations were significant mostly under medium-low nutrients, borderline under medium-high and high, and markedly below significance most of the time under low nutrients, especially toward the end of the ontogeny. In Late-2, on the other hand, significance was achieved throughout ontogeny for low, medium-low, and medium-high nutrients, with the correlations under high nutrients being either at or below the significance threshold. Similar patterns were observed when the genetic (family means) correlations were plotted, even though the significance levels were affected by the smaller sample sizes (data not shown).
DISCUSSION
Phenotypic plasticity is an inherently developmental phenomenon, and yet we know very little about how reaction norms of single and correlated traits change throughout the ontogeny of an organism. This knowledge is crucial to our understanding of the very nature of phenotypic plasticity for two reasons. (1) Selection may act at different times during the ontogeny of an organism, and a knowledge of genetic variation and patterns of reaction norms gained by focusing only on adult/reproductive individuals may yield an inaccurate picture of the possible evolutionary trajectories of a population. (2) The study of the ontogenetic changes of variances and covariances among traits may help uncover trade-offs among different components of fitness.
Genetic and environmental effects on parameters describing reproductive growth: how the end-of-ontogeny phenotype is produced-Onset, offset, and rate of growth during the reproductive phase were different among populations and families, which shows the presence of genetic variation within and among populations for parameters describing the ontogenetic trajectory of A. thaliana. There was genetic variation for plasticity at the population level for onset and offset of growth, as well as genetic variation for plasticity at the family level for onset and rate of growth. Pigliucci, diIorio, and Schlichting (1997) found a similar scenario in the case of two closely related species of Lobelia (Lobeliaceae), L. cardinalis and its putative ancestor, L. siphilitica. In A. thaliana, contrary to the case for Lobelia, most of the variation among families within a population is due to the deviant behavior of a few selfed lines. This observation is consistent with the widespread belief that populations of A. thaliana harbor reduced genetic variation because of their high level of selfing (Abbott and Gomes, 1989; Snape and Lawrence, 1971) . Therefore, the so-called ''ecotypes'' of A. thaliana are indeed ecologically specialized entities (according to their phenology) as well as genetically homogeneous ones, even though some variation for quantitative characters is present. Also, the dichotomy between ''early-'' and ''late-'' flowering ecotypes, presumably the result of selection under disturbed and undisturbed environments (Jones, 1971) , is further reflected in the distinctions between early and late senescing as well as fast-and slow-elongating individuals.
Uncovering genetic variation for parameters describing ontogenetic trajectories implies that populations of A. thaliana can evolve via heterochronic shifts (Alberch et al., 1979; McKinney and McNamara, 1991) . Biologists acknowledge two fundamental types of heterochronic phenomena: paedomorphosis, when the descendant lineage tends to show an ontogeny with ''juvenile'' characteristics compared to the ancestor; and peramorphosis, where the derived ontogeny is in some sense an ''extrapolation'' of the ancestral one. Both paedomorphosis and PIGLIUCCI-ONTOGENETIC PLASTICITY IN ARABIDOPSIS peramorphosis can be caused by three distinctive heterochronic phenomena, each one associated with a decrease or increase of one of the three fundamental parameters: onset, offset, and rate of growth. The ancestral status of the phenology and life cycle of Arabidopsis is probably the one currently displayed by species such as A. himalaica (Price, Palmer, and Al-Shehbaz, 1994 ; K. Cammell, M. Pigliucci, and J. Schmitt, unpublished data), i.e., late flowering, late senescing, and slow growing. If that is the case, then A. thaliana's reproductive phase evolved by a combination of predisplacement (i.e., earlier onset), progenesis (i.e., earlier offset), and acceleration (faster rate). The first and last mechanisms are examples of peramorphosis, while the second is a type of paedomorphosis.
Similar examples of evolution by composite heterochrony are scattered in the literature. Guerrant (1982) found that Delphinium nudicaule (Ranunculaceae) evolved a new flower structure mostly by neoteny, a form of paedomorphosis, but also by a combination of acceleration and hypermorphosis, both kinds of peramorphosis. Neoteny was also hypothesized as the major factor involved in the transition between the wild and cultivated cucurbit (Cucurbita argyrosperma), but a more careful analysis by Jones (1992) revealed instances of progenesis, as well as scale effects leading to giantism (not an heterochronic phenomenon). Multiple heterochronies have been implicated in the shift between the ontogenies of the reproductive phase from a Lobelia siphilitica-like ancestor to L. cardinalis, where predisplacement and progenesis produced an overall faster life cycle in L. cardinalis (Pigliucci, diIorio, and Schlichting, 1997) , similar to what might have occurred during the evolution of Arabidopsis (see also Lord, Eckard, and Crone, 1989) .
My data also reveal what might be a trade-off between rate of growth and on/offset in A. thaliana. Late starters tend to grow slower than early starters, at least under the range of conditions to which I subjected the four populations. This implies an interesting phenomenon, with bearings on reproductive allocation theory. For all effective purposes, the variation in flower production (and therefore in fecundity) of these populations is explained by their phenological (and correlated growth rate) differences. The crucial decision in A. thaliana's life cycle seems to be when the switch from the vegetative to the reproductive phase occurs, with what happens after the switch being less flexible. On the cautionary side, however, this scenario might apply only to the particular range of environments that I used. In particular, providing slow-release nutrients only at the beginning of the experiment might have favored early-to mid-flowering plants. Under different conditions, with a source of nutrients available for a prolonged period of time, the late starters might have taken advantage of the delay in onset of flowering and the correspondingly longer vegetative phase.
Another consequence of the correlation between phenology and growth rate is that response to some selection regimes would be precluded. For example, selection could favor plants that stay for a long period of time in the vegetative phase, but then are able to rapidly elongate when the conditions are ripe (such as the case for ''opportunists'' that exploit the sudden appearance of gaps in a canopy: Chazdon and Kaufmann, 1993) . A. thaliana would seem not to be able to evolve this type of strategy, being instead characterized by a rather rigid dichotomy between fast-and slow-growing plants. At the same time, it has to be noted that the late-flowering ecotypes were also producing more branches, therefore being capable of altering their architecture when compared to the earlyflowering populations (data not presented). It is also noticeable that population Late-2 displayed a behavior intermediate between the early and late flowering under high nutrients. This possibility of induction of intermediate phenologies and changes in architecture in A. thaliana was observed by Pigliucci, Schlichting, and Whitton (1995a) , and might be ecologically and evolutionarily relevant. There is a need, however, to quantify selective pressures on these plants under field conditions, since so far we can only rely on qualitative estimates valid for a limited range of populations (Jones, 1971) . This notwithstanding, we do know that nutrient availability does dramatically influence population dynamics in A. thaliana (Thompson, 1994) .
Ontogeny of variances-
The only variance to show a significant trend throughout the reproductive phase of the ontogeny was the one associated with differences among populations. For both height and flower production, the four populations became increasingly genetically distinct. The trend is described by a monotonically increasing function, therefore it is not possible to pinpoint specific times along the developmental trajectory that are chiefly responsible for the final differentiation among populations, and the process appears to be gradual. This pattern would suggest the action of many genes with small effects contributing to the divergence among populations, which is not surprising given the type of characters considered here. However, we need to recall that other ''quantitative'' traits in A. thaliana, such as flowering time, are controlled by many genes with large effects (Koornneef, Hanhart, and van der Veen, 1991) , a situation not predicted either by classical quantitative genetics or by more recent models (Orr and Coyne, 1992) . All other sources of variance stayed constant at a low level throughout the ontogeny. However, there were significant differences among families within populations, as well as significant treatment by family interactions, for both plant height and flower production. These differences must therefore be the consequence of events happening before the onset of the reproductive phase, during the vegetative phase that is not included in this study. This is consistent with the recurrent observation of a correlation between leaf production (vegetative phase) and flowering time (onset of reproductive phase) in A. thaliana (e.g., Bagnall et al., 1995) . Further investigation of the early part of the life cycle is necessary to draw a complete picture of the developmental origin of genetic and environmental differences among genotypes of A. thaliana.
Ontogeny of character correlations-The first conclusion that can be drawn from the ontogenetic patterns of character correlations is that, once again, early-flowering ''ecotypes'' differ drastically from late-flowering ones. This is further support for the fact that the early/late dichotomy is indeed a reflection of profound biological differences among A. thaliana's populations, reflected at all [Vol. 84 AMERICAN JOURNAL OF BOTANY levels of phenotypic manifestations, from life history traits to developmental trajectories to character correlations. It is interesting to note that late-flowering ecotypes seem to be more ''constrained,'' in the sense that trait correlations are significant in a much larger number of cases compared to the situation in early-flowering populations. Given our current knowledge of the phylogeny of the group and of the evolution of its life history traits discussed above, it seems that more derived taxa have evolved shorter life cycles through earlier flowering, as well as a more flexible pattern of phenotypic integration during the reproductive phase (less ''canalized'' genotypes: Levin, 1970 Levin, , 1983 . Since a similar conclusion is maintained if we consider the genotypic (based on family means, as opposed to the phenotypic) correlations for these traits (M. Pigliucci, unpublished data), this observation contradicts the common assumption that constraints are relatively stable during evolutionary time (Via, 1987) , and supports suggestions that pleiotropic relationships among characters (which manifest themselves in the observable correlations) can evolve at a fairly rapid pace (Wagner, 1995; Wagner and Altenberg, 1996) . More studies of the constraints typical of other taxa in this genus are warranted.
Although the patterns of ontogenetic correlations are more similar between the two late-flowering populations than among these and the early-flowering ones, there are environment-specific differences between the late-flowering ecotypes. In particular, the constraint implied by these correlations is relaxed (i.e., the correlation tends to be nonsignificant) under ''good'' environmental conditions (high nutrients) for Late-2, but under ''bad'' environmental conditions (low nutrients) in the case of Late-1. Obviously, to understand the roots of this difference we would need information on the past evolutionary and selective history of these populations, which is currently lacking. However, the observation underscores the environmental lability of trait correlations and its specificity for different populations (Pigliucci, Politi, and Bellincampi, 1991; Schlichting and Pigliucci, 1995b) . The evolutionary importance of this phenomenon depends on the ecological circumstances that are encountered by a given population at crucial moments during its history (Schlichting, 1989; Schlichting and Pigliucci, 1995a) .
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